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ABSTRACT We present the results of a 10-ns molecular dynamics simulation of a dipalmitoylphosphatidylcholine/water
system. The main emphasis of the present study is on the investigation of the stability over a long time and the dynamic
properties of the water/membrane system. The motion of the lipid molecules is characterized by the center of mass
movement and the displacement of individual atom groups. Because of the slow movement of the headgroup atoms, their
contributions to the dipole potential vary slowly and with a large amplitude. Nevertheless, the water molecules compensate
the strong fluctuations and maintain an almost constant total dipole potential. From the lateral displacement of the center of
masses, we calculate the lateral diffusion coefficient to be Dlat (3 0.6) 10
7 cm2/s, in agreement with neutron scattering
results. The rotational motion is also investigated in our simulations. The calculated value for the rotational diffusion coefficient
parallel to the molecular long axis, D  (1.6  0.1)  10
8 s1, is in good agreement with the experiment.
INTRODUCTION
Over the last 15 years an increasing number of computer
simulation studies have contributed to the understanding of
the molecular structure of membranes (for reviews see
Pastor, 1994; Mouritsen and Jorgensen, 1997; Tieleman et
al., 1997; Tobias et al., 1997). Because the main focus of
these studies is on structural properties, dynamical proper-
ties of the membranes have usually been neglected. This is
unfortunate, because the fluid mosaic model of Singer and
Nicholson strongly suggests that membrane fluidity plays a
major role in the biological properties of the membrane
(Singer and Nicholson, 1972; Jacobson et al., 1995). A
notable exception is the work of Pastor and Feller (1996), in
which the authors discuss the time scales of lipid dynamics
and the relationship of these time scales to molecular dy-
namics. The range of time scales for different types of
molecular motions in membranes is impressively large. On
the shortest time scales are intermolecular vibrations, with a
period on the order of 1014 s, and on the other end of the
scale are transbilayer flip-flop processes across the bilayer,
with a typical time scale of minutes to hours (Blume, 1993).
Clearly, with detailed atomistic simulation techniques, only
the faster motions are currently accessible. Another limita-
tion to the study of dynamical processes arises from the fact
that many slower processes are collective excitations in-
volving large spatial domains. Current molecular simula-
tions, however, rarely exceed 100 Å in any direction.
In the present study we attempt to investigate the dynam-
ical properties of individual lipid molecules. To cover a
broad spectrum of modes we extended the total simulation
time to 10 ns. As we shall see, this allows the calculation of
experimentally observed transport properties such as lateral
and rotational diffusion coefficients. The large time scale
also allows us to investigate the stability of the membrane
system. It has recently been questioned whether lipid-water
systems are mechanically stable in constant volume simu-
lations (Shinoda et al., 1997). The claim was that only
constant pressure simulations can lead to stable trajectories.
However, as we shall see below, a reasonable choice of box
parameters leads to stable trajectories in a constant volume
ensemble.
Another issue that can be investigated by performing long
time simulations is the issue of the validity of certain results
obtained previously from relatively short time simulations
on membranes. Because of the great internal flexibility of
the lipid molecules, individual groups, for example, the
headgroup or the lipid chains, move with large amplitudes.
This is of particular concern for the headgroups because the
headgroups produce an electric dipole potential of several
volts. Therefore the question arises whether the large move-
ments of the headgroup lead naturally to large fluctuations
of the dipole potential, thereby rendering the results of
shorter simulations of several hundred picoseconds
meaningless.
METHODOLOGY
Because the computational protocol of the present calcula-
tion is similar to that of our previous study (Essmann et al.,
1995a) we repeat here only a few characteristics of this
protocol. Sixty-four dipalmitoylphosphatidylcholine (DPPC)
molecules and 1315 water molecules are arranged in the
primary simulation cell to form a bilayer/water system. By
applying three-dimensional periodic boundary conditions, a
multilamellar system is generated. This choice seems to be
reasonable because many experiments have been performed
on multilayer systems. The choice of the number of water
molecules corresponds to 20.5 water molecules/lipid or
33.5% water fraction. Recent x-ray experiments on the
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structure of DPPC bilayers found that important physical
characteristics such as bilayer thickness and area per head-
group remain conserved between a water content of 15.5
waters/lipid and the hydration limit of 28 waters/lipid
(Nagle et al., 1996).
Therefore, the physical characteristics of our system
should be very similar to those of a fully hydrated sample.
The area per headgroup is set at 65.8 Å2. This value is
somewhat larger than the recent experimental value (Nagle
et al., 1996) of 62.9  1.3 Å2; however, given that the
simulation temperature is 60°C whereas the experiments are
performed at 50°C, this value is within the range of exper-
imental uncertainties. The bilayer repeat distance was set at
56.8 Å, in agreement with experimental data for this level of
hydration (Ruocco and Shipley, 1982). The present simula-
tion is an extension of the large liquid crystalline simulation
of our previous paper. The trajectories are calculated using
a time step of 2 fs. The total length of this run is 10 ns.
The lipid molecules are represented using the united atom
model with the STUB parameter set of the PARM91 file of
AMBER (Pearlman et al., 1995), except for the dihedral
angles of the alkane chains, which are described by the
Ryckaert-Bellemans potential (Ryckaert and Bellemans,
1975). All intramolecular bond lengths are fixed with the
SHAKE algorithm (Ryckaert et al., 1977). Fractional
charges for the lipid molecules were calculated with
GAUSSIAN92 (Frisch et al., 1992) with a 6–31G* basis
set; the values are given in our previous work (Essmann et
al., 1995a). For the calculation of the Coulomb interactions,
the recently invented particle mesh Ewald (PME) method of
Darden et al. (Darden et al., 1993; Essmann et al., 1995b)
was used.
STABILITY OF THE SYSTEM
In many membrane simulations the time covered is on the
order of a few hundred picoseconds. Because the assembly
and disassembly of these complex systems require much
longer time scales, it might very well be that the systems
under study form a bilayer structure only as a consequence
of the initial setup of the simulated system.
We use here the atom distribution along the bilayer
normal as an indication of a disintegration of the bilayer. To
analyze the time evolution of the system and to assess the
size of the fluctuations in these quantities, we divide the
whole run into 33 pieces of 300 ps each. We calculate the
atom distribution for the following four characteristic
groups: 1) the nitrogen atoms, 2) the phosphorous atoms, 3)
the carbonyl groups and 4) the water molecules. To calcu-
late the atom distributions we divide the system into N slices
perpendicular to the z axis. For each slice we calculate the
atomic density for every one of the 33 time intervals men-
tioned above. Therefore, for each of the N slices we calcu-
late the average and the standard deviation of the 33 values.
The resulting distribution functions plus the standard devi-
ations for these four distribution functions are displayed in
Fig. 1. To make the comparison between the two monolay-
ers easier, we plot the center of the water slab in the middle
of the plot at 28.4 Å. The tails of the lipid molecules are
on the left and right sides of the plots.
As one can see from Fig. 1, the fluctuations in the N-, P-,
and CO- distribution functions reach a level of 25–35%.
Furthermore, as can be seen from these plots, the distribu-
tion functions are not symmetrical. To quantify this asym-
metry we fitted Gaussians to the distribution functions. We
find an almost identical asymmetry For the widths of the P-
and CO- distributions (  3.27 Å and   3.70 Å for
phosphorous and   3.31 Å and   3.75 Å for the
carbonyl groups), which both amount to 13%. For nitrogen
the Gaussians are much broader (  4.91 Å and   5.33
Å), and the asymmetry is only 9%. This observation is
significant, as it indicates that during a simulation an asym-
metry, which might be induced during the setup procedure,
for example, can persist for a very long time.
To be able to find long time trends in these functions, we
compared the atomic densities of the first 300 ps with those
of the last 300 ps and the average densities (not shown). A
broadening of the atom distributions during the whole run
would indicate an instability. A sharpening, on the other
hand, would indicate that the interface is better defined than
was described in our previous study and that the membrane
FIGURE 1 Atom distributions for four selected groups. The vertical
lines indicate the variance calculated from the division of the whole run
into 33 pieces with lengths of 300 ps each, as described in the text.
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interface is not as rough. We found a slight broadening of
the phosphorous distribution, which was in contrast, how-
ever, to a slight sharpening of the carbonyl distribution
functions. Comparing the distribution functions of the first
300 ps and the last 300 ps with the average values and their
fluctuations, we conclude that the observed trends are
merely an expression of random fluctuations rather than
long time trends.
Recently the concern has been raised that membrane
systems cannot be simulated with a fixed box geometry
(Shinoda et al., 1997). The present result, however, indi-
cates that for a reasonable choice of physical parameters, the
stability of the system is preserved. The disadvantage of a
simulation with a fixed box geometry is the need to specify
the three box lengths. In general the three box angles have
to be specified too; however, except for crystal simulations,
they are usually set at 90°. Assuming that the system is
isotropic within the plane of the membrane, one can set the
two box lengths in the lateral dimension equal to each other.
Furthermore, setting the box angles at 90°, there are still two
parameters left, the area per headgroup and the bilayer
repeat distance. In the case of pure DPPC membranes in
water these two parameters can be obtained, with reasonable
accuracy, from experimental data. However, in many inter-
esting cases, such as the incorporation of peptides or pro-
teins into membranes, the total membrane area is not known
and constant pressure simulations are necessary (Feller et
al., 1995).
FLUCTUATIONS IN THE ELECTROSTATIC
MEMBRANE POTENTIAL
The membrane dipole potential is thought to play an im-
portant role in regulating not only the structure and function
of membranes (Brockman, 1994), but even more complex
processes such as the adsorption of proteins (Nordera et al.,
1997). Experimentally this quantity is rather difficult to
measure (Brockman, 1994). In general for DPPC bilayers, a
value between 0.2 V (Gawrisch et al., 1992) and 0.4 V
(Pickar and Benz, 1978) is obtained from the measurements.
Membrane dipole potentials have also been calculated in
molecular dynamics simulations. In our previous study the
dipolar potential was calculated from a 300-ps simulation.
Because of the zwitterionic nature of the headgroup, a
dipole potential is associated with these headgroups. This
dipole potential, in turn, leads to an ordering of adjacent
water molecules. Because the conformations of the lipid
headgroups vary strongly, one might expect that the dipole
potential varies strongly over time as well. This could also
explain the differences between reported values (Marrink et
al., 1993; Essmann et al., 1995a).
To study the character of the fluctuations in the dipole
potential we divided the total run into blocks of 300 ps
length and calculated the contribution of the headgroups,
the contribution of the water molecules to the dipole poten-













where (z) denotes the dipole potential and (z) the charge
density. The z axis is chosen to be parallel to the membrane
normal.
In Fig. 2 the contributions from the lipid headgroups as
well as from the water molecules are shown together with
the total potential. The electrostatic potential of the head-
group fluctuates by 0.24 V around an average value of
2.24 V, and similarly, the fluctuations of the electrostatic
potential of the water are0.23 V around the average value
of 3.20 V, whereas the fluctuations of the total electro-
static potential around the average value of 0.96 V are
only 0.03 V and therefore are one order of magnitude
smaller.
This result can be rationalized as followings. Because of
the slowness of the motion of the headgroups, the electro-
static potential of the headgroups fluctuates on the time
scale of several nanoseconds. In response to these fluctua-
tions, the water molecules reorient themselves and compen-
sate for the fluctuating field. However, this reorientation of
the water molecules happens on a much faster time scale, so
that the potential is balanced overall. It should be empha-
sized that the fact that the total potential stays constant over
time is not a result of the use of the Ewald summation,
because the individual components fluctuate very strongly.
DIFFUSION OF LIPID MOLECULES
Using the data obtained from the neutron scattering exper-
iment, it was proposed that the in-plane motion of the whole
lipids consists of two parts: local diffusion of a lipid mol-
ecule in its cage and long-range diffusional jumps between
adjacent sites (Sackmann, 1995). The corresponding diffu-
FIGURE 2 The total membrane potential and the components due to the
water and the headgroup contributions.
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sion coefficients for DPPC at 12 wt% water and 60°C were
measured to have values of Dloc  2  10
7 cm2/s and
Dlat  1  10
7 cm2/s. The diffusion coefficients can be
also obtained from molecular dynamics simulations as the
ratio of the mean square displacement (MSD) (r(t)  r(0))2






The brackets indicate an average over different times to
and all particles. The parameter Nf describes the number of
translational degrees of freedom. For an isotropic liquid it is
three, whereas for the case of the lateral diffusion of a lipid
within a quasi-two-dimensional bilayer, it is two.
For the practical calculation it is also important to specify
the particular reference point within the molecule for which
the MSD is calculated. Even though in the limit of infinite
time differences  the choice of the reference point is
irrelevant, for finite times the reported MSD might be
different because of the slowness of intramolecular motions.
We will report first the MSD for the center of mass (COM)
and will return to the motion of individual atoms later.
To see if we have a local diffusional motion on a shorter
time scale and a jump-type motion on a longer time scale,
we divided the whole run of 10 ns into four pieces of 2.5 ns
each. For every piece of 2.5 ns we calculated the MSD up
to   500 ps. The plots of these MSDs are shown in Fig.
3. By fitting straight lines to the four curves in the region
300–500 ps, we obtained the following values for the dif-
fusion coefficients: D  2.26, 3.70, 2.76, and 2.51  107
cm2/s, with an average value of D 2.83 107 cm2/s and
an error of 0.63  107 cm2/s. If we calculate the MSD
using the data from the whole 10 ns of the simulation with
a maximum   3 ns and fit the curve to a straight line on
the interval 1.5–3.0 ns (see Fig. 4), we get the value D 
3.14  107 cm2/s. If we assume that the error is on the
same order of magnitude as in the analysis given above, we
arrive at a value of D (3 0.6) 107 cm2/s. As we can
see, the two values obtained from an analysis with a shorter
 and with a longer  are close to each other. The closeness
of the two values for the short-time diffusional motion and
longer-time motion suggests that there are no two regimes
in the lateral diffusion. To check this we observed the
trajectories of the COMs of the lipid molecules, some of
which are shown in Fig. 5 in a “stroboscopic picture.” In
this picture we place a dot marking the x and y coordinates
of the COM of the phospholipid molecules every 40 ps.
Connecting these dots gives us a representation for the
projection of the COM trajectory into the x,y plane over a
certain amount of time. As we can see from the figure, the
trajectories show that lipids undergo ordinary diffusional
motion on the time scale considered in this simulation. The
depicted trajectories are typical for molecules in a liquid
state and do not indicate local cage motion and jumps
between cages.
The values for the diffusion coefficients we obtained
from our simulations are in reasonable agreement with the
values obtained from the neutron scattering experiments
given above (Pfeiffer et al., 1989; Ko¨nig et al., 1992;
Sackmann, 1995). We compare our results with results from
neutron scattering experiments, because the time scale as
well as the length scales match those of molecular simula-
tions. Most other techniques cover either much larger time
scales and/or much larger length scales. The larger time or
length scales could possibly cover phenomena not included
in our simulation.
To get a better feel for the dynamics on different time
scales, we looked at “stroboscopic pictures” of the trajec-
tories of the COM of the phospholipid molecule every 4 ps
for a time interval of 100 ps and a time interval of 1 ns and
every 40 ps for a time interval of 10 ns. This is done in Fig.
FIGURE 3 The mean squared displacement (MSD) for the COM in the
x,y plane. The whole simulation was broken into four pieces of 2.5 ns each.
The MSD for each of the four pieces as well as the average MSD are
shown. For the interval between 300 ps and 500 ps, the straight lines
represent a linear least-squares fit to these curves.
FIGURE 4 The MSD for the whole run calculated for the three coordi-
nates separately.
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6, where trajectories are shown for the time interval of 100
ps, 1 ns, and 10 ns.
As we can see from the top panel of Fig. 6, over 100 ps,
the COM are not displaced very far from the initial posi-
tions, such that the motion of the COM in the lateral
direction over this time period is reminiscent of a glassy
state. Even during the 1-ns time period we do not observe a
large displacement of COMs from their initial positions
(Fig. 6, middle panel). The picture changes quite substan-
tially in the bottom panel of Fig. 6, where the trajectories of
the COMs clearly show that the membrane layer is liquid.
This view is supported by Fig. 5, which shows that some
lipids moved quite substantially during the course of the
simulation, whereas others remained close to their initial
position, which is the behavior expected for Brownian mo-
tion. On average we observed that the particles moved 12
Å over the course of the simulation, a distance larger than the
next-neighbor distance.
In addition to the study of lateral motion, we also studied
the motion of membrane molecules in the perpendicular z
direction. Thus in Fig. 4 we plot the MSDs for the x, y, and
z directions. As we can see, the MSDs for the x and y
directions are approximately equal. The MSD in the z di-
rection, however, is bound with a maximum value of z2 
7.4 Å2. This value agrees with the neutron scattering value
of z  2.5 Å (Sackmann, 1995).
Furthermore, we calculated the MSD for the nitrogen
atoms of the headgroups and the terminal methyl groups of
the Sn1 and Sn2 chains. The MSD in the z direction of these
groups as well as the corresponding quantity for the COM
are shown in Fig. 7. There is a striking difference between
the z displacement of the COM and the individual groups.
The COM displacement reaches a plateau value after1 ns.
However, the displacement of the individual groups reaches
a maximum value only after 4–6 ns. Furthermore, the
amplitude of this motion is rather different. Whereas for the
COM we find a maximum MSD in the z direction of8 Å2,
the maximum values for the two terminal methyl groups are
on the order of 30–35 Å2. Similarly, the MSD in the z
direction for the nitrogen atoms is 25 Å2. These MSDs
correspond to absolute displacements of 5–6 Å.
The displacements in the z directions are predicted by the
so-called protrusion model of Israelachvili and Wenner-
stro¨m (1990). This model is an attempt to explain the strong
repulsive interaction between membranes over short dis-
tances. Experimentally it has been observed (LeNeveu et al.,
1976; Rand and Parsegian, 1989) that at small separations,
a repulsive interaction between opposing bilayer surfaces
varies exponentially with distance. In the model of Is-
FIGURE 5 “Stroboscopic picture” of the COM of 10 selected lipids
within the x,y plane. These lipids were selected so that their paths are well
separated. The paths were traced during the entire simulation. To avoid the
interruption of trajectories, periodic boundary conditions were not applied.
FIGURE 6 “Stroboscopic picture” of the trajectories of one monolayer.
(Top) Over a time period of 100 ps. Time interval between two dots: 4 ps.
(Middle) Over a time period of 1 ns. Time interval between two dots: 4 ps.
(Bottom) Over a time period of 10 ns. Time interval between two dots:
40 ps.
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raelachvili and Wennerstro¨m (1990) the movements of in-
dividual lipid molecules out of the membrane planes, so-
called protrusions, are responsible for this force. If two
membranes approach each other, the movement of individ-
ual lipid molecules out of the membrane plane is restricted
by the presence of the lipid molecules of the approaching
membrane. The presence of the opposing membrane there-
fore limits the configurational space of the lipid molecules.
Assuming that the free energy of a protrusion increases
linearly with its height and then using a Boltzmann ansatz
for the height distribution lead to an exponentially varying
repulsive force.
The above-mentioned numbers for the movements out of
the membrane plane look rather short at first. However, as
has been shown in a previous publication (Essmann et al.,
1995a), even at a hydration level of 20.5 water molecules/
lipid, individual headgroups come rather close. At this hy-
dration level the width of the water slab according to the
definition of McIntosh and Simon (1986) is 12 Å, and a
detailed analysis of the shortest distance between lipid mol-
ecules of opposing bilayers yields a similar length. At this
distance the movement of the headgroup is sufficient to
bring the nitrogen atoms in close proximity. Therefore the
headgroups of the apposing bilayers start to restrict each
other’s available conformational space. At this point it is not
possible to decide whether this effect is the cause of the
hydration force, because the free energies involved in the
hydration force are very small compared to the free energies
measurable in molecular simulations.
OVERALL ROTATIONAL DYNAMICS
Another very important characteristic of the dynamics of
lipid molecules in membranes is the rotational motion. This
has been measured by NMR (Blume, 1993), electron spin
resonance (Lange et al., 1985), and dielectric spectroscopy
(Klo¨sgen et al., 1996). Because of the nature of the lipid
bilayer, the overall motion can be characterized by a rota-
tion around an axis parallel to the bilayer normal and a
so-called wobbling motion in which the long axis changes
its orientation.
Because of the great internal flexibility of the lipids, it is
not possible to define unambiguously the body fixed axes
along which we can calculate the rotation of lipid mole-
cules. To define the axes we first calculated the moments of
inertia and the principal axes for each lipid molecule (Gold-
stein, 1980). The principal axis that makes the smallest
angle with the bilayer normal is called the z axis. If the lipid
molecules have two parallel Sn1 and Sn2 chains as often
sketched in textbooks, then this would also be the axis
associated with the smallest moment of inertia. However, in
practice we observed that sometimes one of the other axes
was associated with a smaller moment of inertia. We at-
tribute this to conformations in which the two alkane chains
were “spread apart.” Because of the great internal flexibility
we did not use the principal moments to define the y axis,
but rather defined them as the normalized perpendicular
component of the vector from the center of the Sn1 to the
center of the Sn2 chain. The x axis is the unit vector forming
a right-handed axis system.
To determine rotational diffusion constants we calculate








L is the Wigner rotation matrix. The formulas for
calculating the Dmn
L (
) from the direction cosines of the
body fixed axis system are given by Lynden-Bell and Stone
(1989). In typical experiments only properties with L  1
and L  2 are studied. Therefore we limit our discussion to
these quantities and to those in which m  n.
In Fig. 8 it can be seen that a fast initial decay of the
correlation functions is followed by slower exponential
decays. For the time interval between 700 and 3000 ps,
straight lines can be fitted reasonably well to the logarithm
of the correlation functions. To calculate diffusion coeffi-
cients from these data, we have to assume a model that
connects these quantities with the observed correlation
times. For a free Brownian rotor with cylindrical symmetry,
one can derive a relationship between the correlation func-







expLL	 1D m2D\ Dt
(4)
The diffusion coefficient D describes the wobbling mo-
tion of the molecular symmetry axis and D the spinning
motion around the molecular long axis (z axis). With this
equation we get for L  1, 2 five equations for the two
unknown diffusion coefficients (m and n assume only val-
FIGURE 7 The mean squared displacement parallel to the bilayer nor-
mal for individual groups of the lipid molecules with respect to the initial
configuration. The quantities displayed are averaged over the number of
molecules. For these graphs periodic boundary conditions were applied.
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ues between L and L). One way to obtain the two
diffusion coefficients would be to make a simultaneous
least-squares fit of the diffusion coefficients to all five
slopes. This approach yields a D that is about one order of
magnitude smaller than D, in agreement with experimental
results (Blume, 1993). To get a more reliable estimate of
D, we first fit D to the slopes of the two correlation
functions with m  0 and use this estimate to fit D to the
three remaining slopes. To estimate the error we also cal-
culate the variance. We use the values of D and D to
calculate the slopes of the correlation functions according to
Eq. 4. Then we calculate the square of the difference to the
observed slopes. This indicates how well the calculated D
and D fit the experimental data according to the free rotor
model. Following this approach, we get the following val-
ues: D  (1.2  0.2)  10
7 s1, corresponding to a
relaxation time of   (8  1)  10
8 s, and D  (1.6 
0.1)  108 s1, corresponding to a relaxation time of  
(6  0.4)  109 s.
These values agree well with measurements for DMPC
membranes, which give (Mayer et al., 1990; Blume, 1993)
a value of   5  10
9 s at T  35°C. (Note that the
gel-to-liquid crystalline phase transition for DMPC is 18°C
lower than for DPPC (Cevc, 1993).) Furthermore, it is not
possible to determine experimentally the precise value of
; however, it is believed to be in the nanosecond regime
(Blume, 1993).
From a theoretical perspective the analysis in terms of the
free rotor model is unsatisfactory, because it assumes a
freely rotating cylinder. In a membrane this is certainly not
the case. However, because the “wobbling motion” happens
on a time scale much larger than that of the rotation around
the long axis, it is nevertheless possible to calculate D
reliably from the correlation functions given above and to
provide at least an estimate of the magnitude of D.
Saffman and Delbru¨ck (1975) estimated the ratio between
the translational and rotational diffusion coefficient in mem-
branes from the hydrodynamic theory. Within this model
the membrane is treated as an infinite sheet of a viscous
fluid (lipid) separating infinite regions of less viscous fluid
(water). Within this sheet the diffusing particle is treaded as
a cylinder. For the rotational diffusion coefficient D this





where a stands for the radius and h for the height of the
cylinder and  is the viscosity of the bilayer.
For the translational diffusion constant DT Saffman and




where 	 is the viscosity of the surrounding fluid. Using
h 20 Å,  1 poise, 	  102 poise, and estimating the
radius from the area per headgroup A as a  (A/)1/2  4.6
Å and a value of 0.5772 for Euler’s constant , one obtains
the following for the ratio between the translational and
rotational diffusion coefficient:
DT/D\ logh	a   a2 (7)
 1.1 1014 cm2 (8)
Using the numbers computed from our simulation, we
obtain for this ratio a value of DT/D  2 10
15 cm2. Two
comments have to be made here. First, the estimate of the
radius of the lipid from the area per headgroup yields a very
small value. Visual inspection of lipid configurations re-
veals that in most cases the two alkane chains are strongly
disordered, and therefore the effective radius should be
larger. Because there is no unambiguous way of calculating
this effective radius, we considered only the simplest ap-
proximation. Second, a simplified hydrodynamic model of a
complex phenomenon like the diffusion of a lipid molecule
within a membrane can only be used with great caution.
Keeping all of these limitations in mind, one can obtain a
reasonable estimate with the simple continuum model.
FIGURE 8 (a) The rotational autocorrelation functions of the lipid mol-
ecules. (b) Logarithm of the rotational autocorrelation function as a func-
tion of time. Included is a linear fit to the logarithm of these functions.
Because of the fast initial decay only data points between 700 ps and 3000
ns are included in the fit.
Essmann and Berkowitz Dynamics of Phospholipid Bilayers 2087
SUMMARY
The long-time run of the present study demonstrates that the
constant volume ensemble leads to stable simulations of
membrane-water systems. As long as the geometry of the
simulated system is chosen properly, the strong tendency of
the water molecules to form hydrogen bonds is sufficient to
maintain a stable water-membrane interface. The limitation
of this approach is that only those systems can be studied for
which enough experimental data are available to determine
the geometry of the simulation cell.
Even though the internal flexibility leads to intramolec-
ular fluctuations on a time scale of nanoseconds, certain
quantities such as the dipole potential are rather stable and
can be computed with good accuracies from much shorter
simulations.
From our run it is also possible to calculate the diffusion
coefficient of the lipid molecules. From the MSD we find a
value of Dlat  (3  0.6)  10
7 cm2/s for the lateral
diffusion coefficient. This value agrees within a factor of 2
with the results obtained from quasielastic neutron scatter-
ing (Pfeiffer et al., 1989).
By calculating the MSD of the molecules perpendicular
to the membrane surface, we find that lipid molecules as a
whole protrude, on average, z  2.7 Å out of the mem-
brane plane. However, the nitrogen atoms of the headgroup
move, on average, up to z  5 Å into the water phase.
Finally we characterized the rotational motion of the lipid
molecules by the rotational diffusion coefficient parallel and
perpendicular to the molecule’s long axis. The resulting
parallel rotational diffusion coefficient agrees well with the
experimentally determined values. The current character-
ization should therefore be supplemented by data from
the NMR spectra to validate existing models and their
interpretation.
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